INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is the most common cause of dementia in the elderly that is characterized by progressive and irreversible memory decline. Memory deficits are due to loss of synapses and neurons in brain regions involved in memory and learning such as the hippocampus \[[@ref001]\]. One accepted model for AD pathogenesis is the amyloid cascade hypothesis \[[@ref002]\], although others exist including the mitochondrial cascade hypothesis \[[@ref004]\]. According to the latter, mitochondrial dysfunction occurs early in AD pathology preceding amyloid-β (Aβ) deposition and plaque formation.

Mitochondria play a fundamental role in the generation of energy, through production of adenosine triphosphate (ATP), and are important in maintaining oxidative balance as they produce reactive oxygen species (ROS). Mitochondrial-induced oxidative stress is associated with alterations in mitochondria morphology, possibly due to changes in the dynamic processes of fusion and fission \[[@ref005]\]. Mitochondria abundance is high in neurons, particularly at synapses, in order to supply the high-energy demands of these cells. As neurons are highly dependent on mitochondrial function, they are particularly sensitive to any disruption in mitochondrial dynamics. Mitochondria impairments have been linked to synaptic dysfunction \[[@ref008]\] and in neurodegenerative diseases \[[@ref006]\]. Loss of synapses and synaptic connectivity is an early event of AD pathology with accumulation of Aβ in synapses being thought to cause synaptic damage and cognitive decline in AD possibly through an effect on mitochondria \[[@ref010]\]. Indeed, abnormalities in mitochondrial structure and function (e.g., enhanced ROS production) have been described in both postmortem AD brains \[[@ref013]\] and in transgenic mouse models of the disease \[[@ref017]\]. Mitochondrial abnormalities are also reported in vascular endothelial cells in AD, which are likely to affect brain function given the highly metabolic nature of the cerebrovasculature \[[@ref020]\].

Consumption of diets high in fat, such as western diets, is increasing worldwide and contributes to an overweight and obese population. Obesity, which is defined by an increase in adipose tissue, is associated with effects on cognitive function including impairment in memory \[[@ref023]\]. Being obese is also considered a risk factor for developing dementia later in life, and increases the risk of AD \[[@ref029]\]. Obese adults show changes in brain morphology, including brain atrophy in the white and grey matter in regions that mediate cognitive function \[[@ref037]\]. Experimental studies show that high-fat diets impair learning and memory in rodents \[[@ref027]\] and worsen memory deficits in mouse models of AD \[[@ref046]\]. These data suggest a strong association between obesity and cognitive dysfunction. However, how high-fat diets affect memory in healthy animals or make it worse in AD models is not understood fully. Since mitochondrial function is vital for healthy synapses and normal cerebrovascular function and cognition, it is possible that obesity induces changes in mitochondria that results in memory impairments.

Therefore, the aim of this study was to evaluate the effect of a high-fat diet on memory in male and female control non-transgenic (Non-Tg) mice and in the triple-transgenic mouse model of AD (3xTgAD). Groups of male and female Non-Tg and 3xTgAD mice were placed on either a control or high-fat diet and memory was assessed in separate groups of animals at 4, 8, and 14 months of age. In order to determine the overall impact of a high-fat diet on health, several physiological and metabolic parameters were also assessed. To test the hypothesis that a high-fat diet results in ultrastructural abnormalities similar to those observed in AD, we also assessed endothelial and neuronal mitochondria number and morphology and, synaptic density using transmission electron microscopy (TEM) in the subiculum of the hippocampal formation and the cortex at 8 months of age before Aβ plaque pathology is observed \[[@ref047]\]. As other alterations in cerebrovascular structure have been observed in AD including alterations in tight junctions, basement membrane thickening, and changes in vessel diameter, we also performed a detailed morphological analysis of the capillaryendothelium.

MATERIAL AND METHODS {#sec0010}
====================

Animals and diet {#sec0015}
----------------

An in-house colony of male and female 3xTgAD mice, expressing mutant PS1~M146V~, APP~SWE~ and Tau~P301L~, and Non-Tg controls, on a C57BL6×129SV background, was established from breeding pairs originally supplied by Frank LaFerla (Irvine, CA, USA) \[[@ref050]\]. Mice were kept in standard housing conditions (humidity 50--60%, temperature 21±1°C, 12:12 h light-dark cycle with lights on at 07:00 h) and given *ad libitum* access to food and water. After weaning, male and female littermates were housed separately and kept on standard rodent chow (BK001, Special Diets Services, UK) until 8 weeks of age. Groups of mice were then randomly allocated to either control (12% energy from fat, 5% fat content by weight, 0.78% saturated fatty acids, 58G7, Test Diets) or high-fat diet (60% energy from fat, 35% fat content by weight, 13% saturated fatty acids, 58G9, Test Diets) and maintained on their respective diets for 2 months (*n* = 9--12/group; 4 months of age) or 12 months (*n* = 8--11/group; 14 months of age). Body weight was assessed at baseline (before placement on diet), and then at 4, 8, and 14 months of age. Blood pressure (and heart rate) and behavior were also assessed at 4, 8, and 14 months of age. A separate group of 8-week-old Non-Tg and 3xTgAD male and female mice (*n* = 6-7/group) were fed on control or high-fat diet for 6 months (8 months of age) when brains were assessed for electron microscopy (EM). All animal experiments were carried out in accordance with the United Kingdom Animals (Scientific Procedures) Act 1986 and approved by the Home Office and the local Animal Ethical Review Group, University of Manchester.

Blood pressure {#sec0020}
--------------

Systolic blood pressure and heart rate were assessed using a non-invasive blood pressure analyzer with a specific mouse tail cuff adapter (Model BP-2000-M-2, Visitech Systems, Inc., USA). One day prior to measurements, mice were habituated to the procedure for 5 min to reduce stress and anxiety. On the day of the assessment the animals were placed in the room and allowed to acclimatize for 10 min. A total of 20 readings of systolic blood pressure (mmHg) and heart rate (beats/minute, bpm) were taken and the average of the last 10 measurements calculated.

Behavior {#sec0025}
--------

Mice were subjected to novel smell recognition and Y-maze spontaneous alternation tests. To decrease anxiety, all animals were allowed to habituate to the test room for 30 min prior to behavioral tests. All experiments were performed between 09:00 h and 17:00 h in the same testing room. Each test was performed on a different day and the animal order was randomized between groups. To avoid distress and anxiety, behavioral tests were performed on separate days for male and female mice. All apparatus were cleaned between animals and tests with 70% ethanol. The subsequent analyses of all behavior data were performed blinded to genotype, gender, and diet.

Novel smell recognition test {#sec0030}
----------------------------

To evaluate recognition memory, based on the innate tendency of the animal to spend more time examining a novel smell compared to a familiar one, the smell recognition test was used as described previously \[[@ref047]\]. We have shown previously that 3xTgAD mice can detect smells as male mice demonstrated an increased exploration of urine from female 3xTgAD mice compared to water (data not shown). Briefly, all animals were allowed to habituate to a black opaque polycarbonate circular arena (diameter, 30 cm×height, 21 cm) for 5 min over 2 days. On the third day, mice were placed in the center of the arena and allowed to explore two identical scented balls for 10 min (phase 1). The scented balls (Chad Valley, UK) were filled with cotton wool and 0.5 ml of scent (orange, lemon, vanilla, almond, peppermint, or eucalyptus, Dr Oetker Ltd, UK) was distributed into the balls via small holes. Mice were then removed and one of the scented balls was replaced by a ball containing a novel scent. After a delay of 3 min, mice were placed back into the arena and allowed to explore for 4 min (phase 2). All experiments were recorded with a camera (Sanyo Xacti VPC-C4, SANYO Fisher, CA, USA) and MP4 video-clips were converted to an AVI format using Pazera MP4 to AVI converter 1.3 (Pazera-Software, Poland). The time (s) spent exploring the scented balls was calculated manually by observing each individual video. Exploration was defined as the amount of time that the animals spent with their nose within 2 cm in the direction of the smell. Mice were excluded if they failed to explore for at least 4 s and for some mice, the video did not record so their data are missing from the analyses. The final n numbers are indicated in the figures. The discrimination index was calculated using the following formula: (novel smell time-familiar smell time)/total exploration time.

Y-maze spontaneous alternation test {#sec0035}
-----------------------------------

Short-term working memory was assessed using the Y-maze spontaneous alternation test. A black opaque Perspex Y-shaped maze with three arms (A, B, and C) was used and a visual cue was located at each end of the arm (arm dimensions; 15 cm×10 cm×10 cm). Each animal was placed into the maze facing the end of arm A and allowed to explore for 8 min. The number of arm entries (when the entire body of the animal was inside the arm space) made by each animal was recorded. Spontaneous alternation was defined as three consecutive entries in different arms (triplets) in a random order and the percentage number of alternations between arms was calculated as defined previously \[[@ref047]\]. If mice did not perform greater than nine arm entries their data were excluded, and the final n numbers are indicated in the figures.

Tissue collection {#sec0040}
-----------------

At the end of the feeding period for the behavioral study, mice were terminally anesthetized with 3.5% isoflurane (30% O~2~ and 70% N~2~O), blood was taken from the heart using 3.8% sodium citrate as an anticoagulant and plasma obtained after centrifugation (1200 g, 10 min) was stored at --80°C until assay. To remove any remaining blood, animals were then perfused transcardially with 0.9% saline. Total gonadal white adipose tissue was dissected and weighed.

Glucose and insulin measurements {#sec0045}
--------------------------------

Non-fasting blood glucose was measured in samples of cardiac blood by an Accu-Chek Diabetes kit (Roche Diagnostics, Indianapolis, IN, USA). Insulin levels (non-fasting) were measured in plasma samples using an ultra-sensitive insulin mouse ELISA kit (Crystal Chem Inc., IL, USA) according to the manufacture's protocol.

Electron microscopy {#sec0050}
-------------------

After 6 months on diet animals (at 8 months of age) were terminally anesthetized with 3.5% isoflurane (30% O~2~ and 70% N~2~O) and prepared for TEM. A brief transcardiac perfusion with 0.9% saline was performed to remove circulating blood followed by perfusion with fixative containing 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were then dissected and post-fixed in fresh fixative for 24 h at 4°C. Coronal sections (100 μm thick) were cut on a Leica VT1000 vibrating-blade vibrotome and, in the coronal section of interest, the subiculum of the hippocampal formation (termed hippocampus) and primary somatosensory cortex (termed cortex) were micro-dissected. Samples were washed in cacodylate buffer containing 2 mM calcium chloride and post-fixed for 1 h with reduced osmium (OsO4 1% and K~4~Fe(CN)~6~ 1.5%), then incubated in 1% tannic acid in 0.1 M cacodylate buffer for 1 h and finally with 1% uranyl acetate in water overnight. Samples were dehydrated at room temperature with different grades of ethanol, from 20% to 100% for 5 min each, infiltrated with TAAB low viscosity resin (TAAB Laboratories Equipment, UK) and polymerized for 24 h at 60°C. Ultrathin sections (70 nm) were then cut with Reichert Jung Ultracut E ultramicrotome (Reichert Technologies Life Sciences, USA), mounted on Athene 200 mesh thin bar copper grids (Agar Scientific, UK) and visualized with a FEI Technai 12 Biotwin Transmission Electron Microscope (FEI, USA) using a Gatan Orius SC1000 camera (Gatan, USA).

Electron microscopy analyses {#sec0055}
----------------------------

For each animal, micrographs of 10 random capillaries, identified by their size and lack of smooth muscle, were taken in both the hippocampus and cortex and measurements made using ImageJ software (NIH, USA). The number of mitochondria in the capillary endothelium of the hippocampus and cortex was counted and expressed as the average number of mitochondria per vessel. Mitochondrial length was determined by measuring the major length from one side to another. Healthy mitochondria were identified by their usual rounded shape with a dense matrix and the presence of cristae, and were variable in size ranging from 0.1 μm to 3 μm in length as previously described \[[@ref051]\]. In the present study, the average length of mitochondria in control-fed Non-Tg mice was 0.5 μm, therefore mitochondria 0.5 μm or above in length were classified as elongated. The percentage of elongated mitochondria was then calculated. To assess overall vascular health, other endothelial measurements were assessed in the hippocampus and included basal lamina thickness (nm), vessel lumen diameter ( μm), vessel lumen roughness, % pericyte coverage, tight junction tortuosity, and number of endothelial vesicles per μm of vessel wall as previously described using ImageJ \[[@ref054]\]. Briefly, basal lamina thickness was measured in three equidistant locations and an average taken; vessel lumen diameter was calculated by extrapolation from the area of the lumen; vessel lumen roughness was quantified by using the convex hull tool in ImageJ that estimates the ideal perimeter of the lumen if the vessel was perfectly smooth; pericyte coverage was calculated as the percentage of the lumen circumference that was covered by a pericyte cell body or process; tight junction tortuosity was used as a measure of tight junction complexity, and was calculated by the ratio of the length of the tight junction from the luminal side to the basal lamina side, to the distance measured by drawing a straight line directly from its start to its end \[[@ref055]\], and the number of endothelial vesicles (caveolae) were counted in each capillary and data expressed as number of vesicles per μm of vessel wall.

For neuropil mitochondria and synaptic density, 10 micrographs were taken for each animal of the neuropil of the hippocampus and cortex and measurements made using ImageJ. Here, the landmarks used to identify the correct field of view in each section consisted of avoiding nuclei, blood vessels, areas of myelination, and increased dendritic density as previous described \[[@ref056]\]. Using these guidelines the neuropil should be a synaptically dense region mostly composed by unmyelinated axons, dendrites,neurons, and glial cells. In each field of view (63 μm^2^), mitochondria number and length were determined as above and qualitative changes in mitochondrial structure were also recorded. The number of synapses was quantified, with synapses being identified as an electron dense postsynaptic density (visible by TEM) between a presynaptic neuron (containing a high density of synaptic vesicles) and the postsynaptic neuron.

All micrographs were analyzed in a random order and were blinded for genotype and diet. For each parameter, measurements from the 10 capillaries or fields of view (63 μm^2^ for neuropil) were averaged to give a mean for each animal and the group average obtained.

Statistical analyses {#sec0060}
--------------------

Body and fat weight, glucose, insulin, systolic blood pressure, and heart rate, and data from the EM studies were analyzed using a two-way analysis of variance (ANOVA) followed by Bonferroni's *post-hoc* test using SPSS (IBM SPSS Statistics). For the smell recognition and Y-maze, data were analyzed with a 3-way ANOVA followed by Sidak-Holme corrected planned contrasts. Equal variance was assessed with the Levine's test and normality of the residuals was evaluated with the Shapiro-Wilks test. Appropriate transformations were applied when necessary. All data are expressed as the mean±standard error of the mean (SEM). Statistical significance was taken when *p* \< 0.05.

RESULTS {#sec0065}
=======

Physiological parameters {#sec0070}
------------------------

A high-fat diet led to a significant (*p* \< 0.05--0.001) increase in body weight in male and female Non-Tg and 3xTgAD mice at 4, 8, and 14 months of age ([Table 1](#jad-55-jad160640-t001){ref-type="table"}; Main effect of diet: Females, 4 months, F(1,38) = 30.17; 8 months, F(1,28) = 80.83; 14 months F(1,27) = 62.88; Males, 4 months, F(1,40) = 118.67; 8 months, F(1,38) = 33.77; 14 months, F(1,38) = 91.53, *p* \< 0.001 for all). At all ages male 3xTgAD mice gained significantly (*p* \< 0.01) less weight on a high-fat diet compared to Non-Tg mice. Control fed 3xTgAD male mice gained 33% more weight by 4 months of age but 34--40% less by 8 and 14 months of age compared to Non-Tg mice. Increases in body weight due to high-fat diet were accompanied by a significant (*p* \< 0.01--0.001) increase in gonadal fat in all mice at 4 and 14 months of age, with the exception of 14-month-old Non-Tg males ([Table 1](#jad-55-jad160640-t001){ref-type="table"}; Main effect of diet: Females, 4 months, F(1,27) = 15.80; 14 months, F(1,26) = 47.04; Males, 4 months, F(1,40) = 112.80; 14 months, F(1,38) = 83.91, *p* \< 0.001 for all). No change in blood glucose levels was observed after high-fat feeding in either 4- or 14-month-old male or female Non-Tg or 3xTgAD mice ([Table 1](#jad-55-jad160640-t001){ref-type="table"}). At 4 months of age, plasma insulin levels were significantly (*p* \< 0.05) increased in high-fat fed male Non-Tg mice by 80%, but no differences after a high-fat diet were observed in 4-month-old female Non-Tg mice or male or female 3xTgAD mice ([Table 1](#jad-55-jad160640-t001){ref-type="table"}; Main effect of diet in males, F(1,36) = 7.05, *p* \< 0.05). At 14 months of age, a high-fat diet increased plasma insulin in both male and female Non-Tg mice by 196% and 94%, respectively ([Table 1](#jad-55-jad160640-t001){ref-type="table"}), but no significant effect was seen in male or female 3xTgAD mice ([Table 1](#jad-55-jad160640-t001){ref-type="table"}). This lack of response to a high-fat diet in 3xTgAD mice corresponded to a significant interaction effect between genotype and diet on insulin levels (Females, F(1,24) = 5.89, *p* \< 0.05; Males, F(1,29) = 4.51, *p* \< 0.05).

At all ages assessed in both sexes, there was no overall affect of diet or genotype on systolic blood pressure apart from a transient increase in 8-month-old high-fat fed 3xTgAD females when compared to high-fat fed Non-Tg mice ([Table 1](#jad-55-jad160640-t001){ref-type="table"}). At 4, 8, and 14 months of age, male and female 3xTgAD mice fed a control diet had a significantly (*p* \< 0.05--0.001) lower heart rate than Non-Tg control mice ([Table 1](#jad-55-jad160640-t001){ref-type="table"}; Main effect of genotype: Females, 4 months, F(1,40) = 10.91, *p* \< 0.01; 8 months, F(1,31) = 8.66, *p* \< 0.01; 14 months, F(1,25) = 11.50, *p* \< 0.01; Males, 4 months, F(1,34) = 47.30, *p* \< 0.001; 8 months, F(1,34) = 45.91, *p* \< 0.001, 14 months, F(1,31) = 10.51, *p* \< 0.01), even prior to diet (at 2 months of age, data not shown). At some ages a high-fat diet significantly increased heart rate in male and female 3xTgAD mice when compared to control fed 3xTgAD mice (Main effect of diet: Females, 4 months, F(1,40) = 20.36, *p* \< 0.001; 14 months, F(1,25) = 8.50 *p* \< 0.01; Males, 4 months, F(1,34) = 4.67, *p* \< 0.05; 8 months, F(1,34) = 10.37, *p* \< 0.01). However, a high-fat diet had no affect on heart rate in Non-Tg mice apart from causing a transient increase in 4-month-old female Non-Tg mice.

A high-fat diet impaired memory in Non-Tg mice and advanced memory deficits in 3xTgAD mice {#sec0075}
------------------------------------------------------------------------------------------

A high-fat diet appeared to accelerate memory deficits in 3xTgAD mice ([Fig. 1](#jad-55-jad160640-g001){ref-type="fig"}). In the novel smell recognition test, in 4-month-old mice a significant reduction in performance was observed only in the 3xTgAD high fat-fed female (*p* \< 0.05) and male (*p* \< 0.01) mice when compared to high-fat fed Non-Tg mice ([Fig. 1A](#jad-55-jad160640-g001){ref-type="fig"}). In contrast no significant reduction in performance was observed in either sex after high-fat feeding in Non-Tg mice compared to Non-Tg mice fed a control diet. This effect resulted in a significant interaction effect between genotype and diet on performance in this test (F(1,63) = 4.47, *p* \< 0.05). At 8 months of age, both high-fat and control fed 3xTgAD mice performed significantly worse than Non-Tg mice ([Fig. 1B](#jad-55-jad160640-g001){ref-type="fig"}). By 14 months of age, all 3xTgAD mice had completely lost the ability to perform the task resulting in significant pairwise comparisons and a significant main-effect of genotype on novel smell recognition performance (F(1,62) = 43.17, *p* \< 0.001; [Fig. 1C](#jad-55-jad160640-g001){ref-type="fig"}). At all ages, a high-fat diet had no effect on memory in Non-Tg mice of either sex when assessed in the novel smell recognition test. At 4 months of age, there were no significant effects of diet or genotype on Y-maze performance ([Fig. 1D](#jad-55-jad160640-g001){ref-type="fig"}). Similar to findings with novel smell recognition, a high-fat diet caused an acceleration in cognitive deficits as at 8 months of age, high-fat fed 3xTgAD mice performed significantly (*p* \< 0.05) fewer alternations when compared to control fed animals ([Fig. 1E](#jad-55-jad160640-g001){ref-type="fig"}). By 14 months of age, a high-fat diet significantly reduced the performance in both female (*p* \< 0.001) and male (*p* \< 0.05) Non-Tg mice ([Fig. 1F](#jad-55-jad160640-g001){ref-type="fig"}). This high-fat response seemed to preferentially affect Non-Tg mice, as there were no significant differences between diets within the 3xTgAD cohorts. This corresponded to a significant interaction effect between genotype and diet (F(1,58) = 16.02, *p* \< 0.001). At 14 months of age, control fed female 3xTgAD also performed significantly worse in the Y-maze test when compared to control fed Non-Tgs.

High-fat diet had no impact on capillary structure in Non-Tg and 3xTgAD mice {#sec0080}
----------------------------------------------------------------------------

None of the endothelial parameters measured were affected by 6 months of a high-fat diet or by genotype ([Table 2](#jad-55-jad160640-t002){ref-type="table"}) and no overt qualitative differences in capillary structure were observedeither.

In the same group of mice after 6 months, a high-fat diet led to an increase in body weight gain in 8-month-old Non-Tg and 3xTgAD mice (Body weight change - Non-Tg: control, 8.6±0.6 g versus high-fat, 26.0±2.5 g, *p* \< 0.001; 3xTgAD: control, 8.6±1.6 g versus high-fat, 17.6±2.6 g, *p* \< 0.01) but 3xTgAD mice gained significantly less weight on a high-fat diet than Non-Tg mice (% increase compared to control; 3xTgAD, 105% versus Non-Tg, 202%, *p* \< 0.01) as seen previously.

Mitochondria length in the capillary endothelium is increased by a high-fat diet and in 3xTgAD mice {#sec0085}
---------------------------------------------------------------------------------------------------

There were no changes in the number of mitochondria in the capillary endothelium of the hippocampus and cortex in any of the groups ([Fig. 2A-B](#jad-55-jad160640-g002){ref-type="fig"}). However, in control-fed 3xTgAD mice, the percentage of elongated mitochondria was increased in the hippocampus ([Fig. 2C, E](#jad-55-jad160640-g002){ref-type="fig"}) but not in the cortex ([Fig. 2D](#jad-55-jad160640-g002){ref-type="fig"}), compared to control-fed Non-Tg animals. A high-fat diet also increased the number of elongated mitochondria in the endothelium of the hippocampus of Non-Tg mice ([Fig. 2C, E](#jad-55-jad160640-g002){ref-type="fig"}) but had no effect in the cortex in Non-Tg or 3xTgAD mice([Fig. 2D](#jad-55-jad160640-g002){ref-type="fig"}).

Mitochondria morphology in the hippocampus is affected by a high-fat diet and in 3xTgAD mice {#sec0090}
--------------------------------------------------------------------------------------------

In the hippocampal neuropil of control fed Non-Tg mice, normal mitochondria were observed to be round in shape containing packed cristae and dense matrix ([Fig. 3A](#jad-55-jad160640-g003){ref-type="fig"}). In contrast, 3xTgAD mice on either a control or high-fat diet showed hippocampal mitochondrial abnormalities including elongation with swollen and disorganized cristae ([Fig. 3B](#jad-55-jad160640-g003){ref-type="fig"} and [Fig. 5G](#jad-55-jad160640-g005){ref-type="fig"}), severe swollen cristae with less dense matrix ([Fig. 3C, E](#jad-55-jad160640-g003){ref-type="fig"}), swollen mitochondria with severe loss of cristae and empty matrix ([Fig. 3D](#jad-55-jad160640-g003){ref-type="fig"}) and focal loss of cristae with holes and empty spaces ([Fig. 4C, D](#jad-55-jad160640-g004){ref-type="fig"}). Some ultrastructural abnormalities (focal loss of cristae with holes and empty spaces) in mitochondria in the hippocampus of Non-Tg mice fed a high-fat diet were also observed ([Fig. 4A, B](#jad-55-jad160640-g004){ref-type="fig"}). Mitochondrial structural changes were not seen in the neuropil of the cortex of Non-Tg and 3xTgAD mice fed a high-fat diet or control fed 3xTgAD mice.

In Non-Tg mice, a high-fat diet reduced (17%) the number of mitochondrial in the neuropil of the hippocampus compared to control fed Non-Tg mice ([Fig. 5A](#jad-55-jad160640-g005){ref-type="fig"}). A reduction in mitochondrial number (21%) was also observed in the hippocampus of 3xTgAD mice on a control diet versus Non-Tg control fed mice ([Fig. 5A](#jad-55-jad160640-g005){ref-type="fig"}). There was no effect of genotype or diet on mitochondria number in the cortex ([Fig. 5B](#jad-55-jad160640-g005){ref-type="fig"}).

As in the capillary endothelium, control fed 3xTgAD mice had a greater percentage of elongated mitochondria in the hippocampus compared to Non-Tg mice on the same diet ([Fig. 5C, G](#jad-55-jad160640-g005){ref-type="fig"}), but no difference was observed in the cortex ([Fig. 5D](#jad-55-jad160640-g005){ref-type="fig"}). A high-fat diet did not affect mitochondrial length in the neuropil of both Non-Tg and 3xTgAD mice in either brain region ([Fig. 5C, D](#jad-55-jad160640-g005){ref-type="fig"}).

Synaptic density is reduced in the hippocampus after a high-fat diet and in 3xTgAD mice {#sec0095}
---------------------------------------------------------------------------------------

A high-fat diet led to a reduction (19%) in the number of synapses in the hippocampus of Non-Tg mice ([Fig. 5E, G](#jad-55-jad160640-g005){ref-type="fig"}). Fewer synapses (29%) were also detected in the hippocampus of control-fed 3xTgAD mice when compared to Non-Tg mice on the same diet. In the cortex, no difference in synaptic number was observed due to genotype or diet ([Fig. 5F](#jad-55-jad160640-g005){ref-type="fig"}).

DISCUSSION {#sec0100}
==========

The present study assessed the effects of a high-fat diet on memory and the ultrastructure of brain capillaries and neuropil in Non-Tg control and 3xTgAD mice. A high-fat diet impaired memory in Non-Tg mice and advanced memory deficits in 3xTgAD mice. These impairments in memory in Non-Tg mice were associated with changes in mitochondria and synapses, as observed in control-fed 3xTgAD mice. Memory deficits in both genotypes were observed in male and female mice, and to our knowledge this is the first study to compare effects of a high-fat diet in male and female Non-Tg and 3xTgAD mice. The majority of previous work has assessed the effect of a high-fat diet for a relatively short period and in young rodents. Here the effects of high-fat feeding on cognition were characterized for longer periods and in mice up to 14 months of age. These current findings are consistent with mid-life obesity being a risk factor for AD \[[@ref029]\]. However, as AD predominantly affects the elderly, it will be important to determine whether the negative impact of high-fat diet remains in older mice, especially as clinical evidence suggests that obesity can decrease the risk of AD in later life \[[@ref030]\].

A detrimental effect of a high-fat diet on memory in male control Non-Tg mice in the Y-maze test has been reported previously \[[@ref047]\] and the current findings confirm this effect in males with impairment also observed in female Non-Tg mice. High-fat fed male mice have been reported to show poorer learning performance and greater deficits than females \[[@ref057]\], an effect not seen here or previously \[[@ref058]\]. However, Hwang and colleagues assessed memory using different behavioral tests to the present study. As the onset of negative effects of a high-fat diet on memory in male Non-Tg mice depends on the behavioral test used \[[@ref047]\], a sex difference may have been seen if additional tests had been used here.

A high-fat diet worsens memory in both male \[[@ref046]\] and female 3xTgAD mice \[[@ref046]\]. Here we show that a high-fat diet advanced memory deficits in both male and female 3xTgAD mice. We did not assess the effect of a high-fat diet on AD pathology, as we have shown previously that the negative effect of high-fat diet on memory in 3xTgAD mice was not associated with increased pathology (Aβ plaques, oligomers, and tau) \[[@ref047]\] including at ages assessed here (4--16 months of age). Thus it is unlikely that changes in classical pathological hallmarks of AD are involved in these effects on a high-fat diet on cognition seen here. We also observed that control-fed female 3xTgAD mice perform worse than male 3xTgAD mice, as females but not males had a deficit in the Y-maze test at 14 months of age. These results are in line with other studies demonstrating higher impairment in female 3xTgAD when compared with male 3xTgAD mice \[[@ref060]\], which might be due to exacerbated AD pathology in female mice \[[@ref062]\]. However, as AD pathology was not assessed in the present study, we are not able to conclude if such changes in behavior between male and female control-fed 3xTgAD mice are associated with differences in amyloid and/or tau.

A high-fat diet increased body and fat weight, and insulin levels in both male and female Non-Tg and 3xTgAD mice. However, differences in 3xTgAD versus Non-Tg mice were seen as 3xTgAD mice gained less body weight after a high-fat diet, even though male 3xTgAD mice had greater gonadal fat mass at 14 months of age. Differences in the metabolic response to a high-fat diet have been seen previously in 3xTgAD mice \[[@ref047]\] and are likely due to their altered metabolic rate and activity \[[@ref064]\]. Furthermore, male 3xTgAD mice fed a control diet weighed less than Non-Tg mice, which is consistent with previous data showing that over time 3xTgAD mice weigh less and have higher metabolic rates \[[@ref064]\]. Male and female 3xTgAD mice on a control diet also had a lower heart rate but no change in systolic blood pressure. To our knowledge this is the first study reporting a difference in heart rate in an AD mouse model. Bradycardia has been observed in patients with dementia \[[@ref066]\]. As the sympathetic and parasympathetic nervous system are key regulators of blood pressure and heart rate, a change in autonomic function might be responsible for the slower heart rate seen here. In support, patients with Alzheimer's disease are reported to have autonomic dysfunction \[[@ref067]\]. Plasma insulin increased after high-fat feeding in Non-Tg but not 3xTgAD mice. High peripheral levels of insulin after high-fat feeding can lead to insulin resistance, which has been associated with impaired memory \[[@ref039]\] and brain insulin resistance is observed in AD \[[@ref072]\]. Insulin can play an important role in hippocampal-dependent memory processes and the hippocampus shows high levels of insulin receptor expression \[[@ref073]\]. Furthermore, diabetes (a common co-morbidity in obesity) is associated with insulin resistance and cognitive dysfunction \[[@ref075]\]. Rodent models of diabetes also present with cognitive impairments that are associated with changes neuronal number, dendritic spine density and mitochondrial alterations \[[@ref076]\]. It is possible therefore that deficits in hippocampal dependent memory observed here in Non-Tg mice may arise from insulin resistance/reduced insulin sensitivity induced by high-fat diet. Furthermore, even though plasma insulin did not change in 3xTgAD mice after a high-fat diet a change in insulin sensitivity may have been present. In support, a high-fat diet reduced insulin sensitivity in 3xTgAD mice and a single injection of insulin reversed the detrimental effect of high-fat diet on memory \[[@ref049]\]. However, whether changes in insulin sensitivity are involved in the effects of a high-fat diet on memory or in 3xTgAD mice seen here remain to be determined as insulin sensitivity would need to be measured directly.

Although it is known that a high-fat diet and AD are associated with blood-brain barrier (BBB) impairment, such as increased BBB permeability, disruption of tight junction proteins, thickening of basement membrane, and altered vessel structure in animal models \[[@ref080]\], our data showed no ultrastructural alterations in cerebral capillaries in response to a high-fat diet or in 3xTgAD mice. However, a high-fat diet caused mitochondrial elongation in capillary endothelium of Non-Tg mice, effects that were similar to those observed in control-fed 3xTgAD mice. Changes in the morphology of endothelial mitochondria in Non-Tg mice on a high-fat diet or in 3xTgAD mice were observed without an overall change in mitochondrial number. In contrast, loss of endothelial mitochondria have been reported to be associated with BBB dysfunction in AD \[[@ref021]\]. Enlargement of mitochondria may represent increased activity of these cells as a result of compensatory mechanisms against potential dysfunctional BBB, since increased density of enlarged mitochondria has been associated with BBB leakage \[[@ref085]\]. This elongation of mitochondria could also be a protective way to maintain microvascular and neuronal integrity by trying to increase mitochondrial energy supply. Although it is known that vascular volume is reduced in 3xTgAD mice, no difference in the functional integrity of the BBB is observed \[[@ref086]\]. Such evidence could support our data showing no ultrastructural changes in the BBB of the hippocampus of 3xTgAD mice. However, as we did not assess the levels of proteins involved in BBB integrity, such as tight junction proteins, other BBB transporters, or BBB permeability, the effect of a high-fat diet on BBB function remains to be determined.

As in capillary endothelium, a high-fat diet affected mitochondrial morphology in the neuropil of Non-Tg mice. These effects of a high-fat diet were similar to those observed in 3xTgAD mice fed on a control diet. In contrast to the endothelium, the number of mitochondrial in the neuropil of the hippocampus was reduced in response to a high-fat diet in Non-Tg mice and in 3xTgAD mice fed a control diet. The numbers of neuronal mitochondria are reported to be reduced in diabetes \[[@ref088]\], a common complication associated with both obesity and AD. In control fed 3xTgAD mice, this reduction in mitochondrial number was associated with an increase in the percentage of elongated mitochondria in the hippocampus, suggesting that in an AD mouse model not only the density but the morphology of mitochondria were affected, and that these effects are specific to the hippocampus. Mitochondria can undergo fission (division) and fusion, processes that can change mitochondrial morphology, number, and shape \[[@ref089]\]. Tight regulation and control of such dynamic processes in mitochondria are essential for neuronal health, as an imbalance in these processes can lead to mitochondrial dysfunction and neuronal damage \[[@ref005]\]. Some studies have demonstrated that in rodents, high-fat diets increase mitochondrial fusion and/or fission in neurons \[[@ref090]\], white adipose tissue \[[@ref091]\], and hepatic cells \[[@ref092]\]. An elongated and tubular morphology, which is associated with mitochondrial fusion, has been suggested to be a protective mechanism in mitochondria to avoid degradation by autophagy, in order to maintain mitochondrial numbers under stress conditions \[[@ref093]\]. In addition, an imbalance of mitochondrial dynamics in neurons, including changes in fission and fusion, have been shown to be early key factors in neurodegenerative disorders such as AD \[[@ref007]\]. Elongated mitochondria have also been observed in fibroblasts from AD patients \[[@ref097]\]. However, in 3xTgAD mice, markers of mitochondrial fission in neurons are increased \[[@ref095]\]. Therefore, our data supports that the balance of mitochondrial dynamics is affected by a high-fat diet and during AD progression, as the percentage of elongated mitochondria is altered. This suggests that changes in mitochondrial dynamics could possibly be due to an increase of fusion and/or a decrease of fission that are normally associated with an increase in mitochondrial length. Whether the changes in mitochondrial morphology after a high-fat diet and in AD seen here result in an impairment in function remains to be determined.

In addition to a reduction in number and change in mitochondrial length in the brain parenchyma, our data also show that after high-fat feeding and in 3xTgAD mice other more severe morphological changes in mitochondria were detected in the hippocampus, including enlarged, swollen, and/or absent cristae, and less dense or empty matrix. Such results are consistent with findings from other experimental studies where high-fat feeding leads to swollen mitochondria with reduced electron dense matrix and loss of cristae integrity in neurons and other tissues \[[@ref098]\]. Such mitochondrial damage in response to a high-fat diet has been proposed to be due to oxidative stress and ROS production \[[@ref098]\]. Mitochondrial morphological abnormalities are also seen in AD mouse models \[[@ref094]\] including isolated mitochondria from 3xTgAD mice \[[@ref102]\]. Here we show that morphological changes in 3xTgAD are specific to the hippocampus, in particular to the subiculum, which is one of the regions displaying the earliest severe pathology in AD patients. As extracellular Aβ plaques in the hippocampus of 3xTgAD mice are not detected until 12 months of age \[[@ref047]\], mitochondrial changes therefore precede plaque formation. Moreover, since we observe similar mitochondrial morphological changes in high-fat fed Non-Tg mice it is unlikely that Aβ plaque formation is the cause of the ultrastructural changes in mitochondria seen here.

Synapses are sites of high-energy demand associated with an abundance of mitochondria. Dysfunctional mitochondria would eventually be transported to synaptic terminals where they will produce low levels of ATP, causing detrimental effects on synapses that lead to synaptic degeneration \[[@ref008]\].Data in the present study showed that the number of synapses was reduced in 3xTgAD mice and that a high-fat diet caused a similar effect in Non-Tg mice. Synaptic damage is known to occur in AD, and in AD patients there is a decrease in the number of synapses \[[@ref010]\]. In addition, synaptic loss and changes in synaptic proteins have also been shown in AD animal models \[[@ref106]\], *in vitro* in Aβ-treated neurons \[[@ref094]\], and after a high-fat diet in rodents \[[@ref039]\]. Here we show that a high-fat diet decreased synaptic density in Non-Tg mice and that this effect is accompanied by a decrease in mitochondrial number in hippocampal neuropil, effects identical to those observed in control-fed 3xTgAD mice. Our findings therefore suggest that a change in mitochondrial morphology might lead to an imbalance in mitochondrial function that results in a decrease in synaptic number, potentially impairing cognition in 3xTgAD mice and after a high-fat diet in Non-Tg controls.

In conclusion, our study suggests that a high-fat diet can impair memory in control mice and advance memory deficits in an AD mouse model. A high-fat diet impaired mitochondria morphology and reduced the number of synapses in Non-Tg mice, similar to changes observed in the 3xTgAD mouse model of AD. These data therefore imply that these changes in the brain are likely to occur independently of amyloid (Aβ) dependent pathways and could be responsible for the detrimental effect of a high-fat diet on cognition.
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![A high-fat diet affects memory in Non-Tg and advances deficits in 3xTgAD mice. Separate groups of male and female Non-Tg control and 3xTgAD mice were maintained on a control or high-fat diet from 2 months of age. Memory was assessed by the novel smell recognition (A-C) and the Y-maze test (D-F) at 4 months of age (A, D), and in a separate group of mice at 8 (B, E) and 14 (C, F) months of age. Data are mean ± SEM, *n* = 6-12/group. ^\*^*p* \< 0.05, ^\*\*\*^*p* \< 0.001 for a significant effect of high-fat diet compared to control fed mice of the same sex and genotype. ^\#^*p* \< 0.05, ^\# \#^*p* \< 0.01 for a significant effect of 3xTgAD genotype compared to Non-Tg mice of the same sex and on the same diet. Data are analyzed with 3-way ANOVA followed by Sidak-Holme corrected planned contrasts.](jad-55-jad160640-g001){#jad-55-jad160640-g001}

![Mitochondrial length in hippocampal capillary endothelium is increased by a high-fat diet in Non-Tg control mice and in control fed 3xTgAD mice. Groups of Non-Tg and 3xTgAD mice were maintained on a control or high-fat diet from 2 months to 8 months of age and the number and length of endothelial mitochondria was measured in 10 random capillaries in the hippocampus (A, C) and cortex (B, D). The average number of mitochondria/capillary and the percentage of elongated mitochondria (defined as length \> 0.5 μm) were calculated (A-D). Data are mean±SEM, *n* = 6-7/group (male and female). ^\*^*p* \< 0.05; Two-way ANOVA with Bonferroni *post hoc* analysis. E) Electron micrographs illustrating the presence of mitochondria in the capillary endothelium in the hippocampus of Non-Tg and 3xTgAD mice fed a control or high-fat diet. High-fat fed Non-Tg and control and high-fat fed 3xTgAD mice presented with longer mitochondria compared to the normal endothelial mitochondria with round shape and form observed in control-fed Non-Tg mice. Dashed box represents the area of insert. Scale bars: 1 μm.](jad-55-jad160640-g002){#jad-55-jad160640-g002}

![Mitochondrial abnormalities in the neuropil of the hippocampus of 3xTgAD mice fed on a control or high-fat diet. In the hippocampal neuropil of Non-Tg mice normal mitochondria were observed to be round in shape containing packed cristae and dense matrix (A). The following mitochondrial abnormalities were seen in 3xTgAD mice; elongated with swollen cristae (B), distorted and swollen cristae and with less dense matrix (C, E) and swollen with severe loss of cristae with an empty matrix (D). Scale bars: 0.5 μm.](jad-55-jad160640-g003){#jad-55-jad160640-g003}

![A high-fat diet affected mitochondrial morphology in the neuropil of the hippocampus of Non-Tg and 3xTgAD mice. A high-fat diet altered mitochondrial morphology in Non-Tg (A, B) and 3xTgAD mice (C, D). Mitochondria showed an absence of cristae, illustrated by holes and empty mitochondrial matrix (arrows). Scale bar: 0.5 μm.](jad-55-jad160640-g004){#jad-55-jad160640-g004}

![Changes in mitochondria and synapse number in the neuropil after a high-fat diet and in 3xTgAD mice. Groups of Non-Tg and 3xTgAD mice were maintained on a control or high-fat diet from 2 months to 8 months of age and the number and length of mitochondria and number of synapses were measured in the hippocampus (A, C, E) and cortex (B, D, F) in 10 different fields of view (63 μm^2^)/animal. The average number of mitochondria and synapses, and the percentage of elongated mitochondria (defined as length \> 0.5 μm) were calculated (A-F). Data are mean±SEM, *n* = 6-7/group (male and female). ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001; Two-way ANOVA with Bonferroni *post hoc* analysis. G) Electron micrographs illustrating the presence of mitochondria and synapses in the hippocampal neuropil of Non-Tg and 3xTgAD mice fed a control or high-fat diet. Control and high-fat fed 3xTgAD mice presented with longer mitochondria (arrowheads) compared to the normal mitochondria (arrows) with round shape and form observed in control-fed Non-Tg mice. Synapses are also illustrated (asterisks). Scale bar: 1 μm.](jad-55-jad160640-g005){#jad-55-jad160640-g005}

###### 

The effect of a high-fat diet on physiological parameters in Non-Tg and 3xTgAD mice

                                        Female            Male                                                                                                          
  ---------------------------------- ------------ -------------------- ------------------ ---------------------- ------------ -------------------- -------------------- --------------------------
  *Body weight change (g)*                                                                                                                                              
    4-month-old                        3.3±0.4       4.9±0.3^\*\*^        2.3±0.3^\#^         5.0±0.6^\*\*^        5.2±0.5      12.9±0.5^\*\*\*^       6.9±0.4^\#^        9.9±0.5^\*\*\*/\# \#^
    8-month-old                        11.0±0.7     27.1±1.9^\*\*\*^        9.9±1.2           24.1±2.5^\*\*^       18.2±1.6     30.8±1.0^\*\*\*^       11.0±2.4^\#^         20.5±2.3^\*/\#\#^
    14-month-old                       15.4±0.8     35.2±2.8^\*\*\*^        12.2±1.3         27.3±3.2^\*\*\*^      21.6±1.8     42.6±0.8^\*\*\*^       14.3±2.5^\#^        31.6±2.4^\*\*/\#\#^
  *Fat (g)*                                                                                                                                                             
    4-month-old                       0.28±0.03      0.59±0.06^\*^       0.60±0.09^\#^     1.00±0.16^\*\*/\#\#^   0.61±0.10    1.83±0.10^\*\*\*^        0.48±0.03        1.02±0.09^\*\*\*/\#\#\#^
    14-month-old                      1.48±0.15    04.67±0.42^\*\*\*^      1.14±0.22         4.96±0.97^\*\*^      1.56±0.09        1.39±0.07            1.05±0.22         3.93±0.18^\*\*\*/\#\#^
  *Glucose (mmol/l)*                                                                                                                                                    
    4-month-old                        7.9±0.7          8.2±0.4             9.2±0.9              9.2±0.9           8.9±0.7          10.1±0.4             9.1±0.6                 10.7±0.6
    14-month-old                       9.1±0.6          9.5±1.4             8.4±0.4              10.1±0.4          9.2±0.6          8.1±0.6              7.8±0.5                 9.4±0.7
  *Insulin (ng/ml)*                                                                                                                                                     
    4-month-old                       0.72±0.14        0.67±0.09           1.06±0.29            1.04±0.21         0.35±0.06      0.63±0.08^\*^          0.36±0.06               0.42±0.06
    14-month-old                      0.36±0.06      0.70±0.09^\*^         0.28±0.05            0.44±0.07         0.71±0.12    0.02.10±0.35^\*\*^       0.92±0.16               1.27±0.31
  *Systolic blood pressure (mmHg)*                                                                                                                                      
    4-month-old                       111.4±7.1        113.2±3.8           104.8±3.6            105.4±2.4         112.5±3.7        104.2±1.9            111.0±3.8               114.0±3.8
    8-month-old                        95.9±3.0         93.8±1.6           104.1±4.8        108.9±2.4^\#\#\#^     109.9±2.8        108.1±2.0            107.7±3.6               112.1±2.4
    14-month-old                       96.3±2.3         96.5±3.0           102.4±6.1             97.3±3.7         107.0±2.5        112.1±2.0            111.0±3.6               112.9±2.1
  *Heart rate (bpm)*                                                                                                                                                    
    4-month-old                       464.4±15.0     516.6±15.0^\*^     383.1±19.1^\#\#^     485.1±19.6^\*\*^     536.4±17.5       594.8±14.7       399.7±21.4^\#\#\#^       428.5±24.4^\#\#^
    8-month-old                       577.3±13.4       612.5±13.0        498.9±26.2^\#^         553.9±35.9        546.6±17.8       597.7±21.6       389.4±16.7^\#\#\#^     472.5±24.2^\*/\#\#^
    14-month-old                      576.6±21.6       608.2±13.3        485.1±22.9^\#^       567.3±19.8^\*^      595.8±17.1       598.5±32.7         480.6±21.1^\#^          550.7±19.9^\*^

Non-Tg control and 3xTgAD mice were kept on a control or high-fat diet from 2 months of age until 4 months of age and a separate group of mice was assessed at 8 months and 14 months of age. Body weight change from baseline (before diet) was calculated and systolic blood pressure and heart rate were monitored in conscious mice. After mice were culled fat (gonadal) and blood glucose and plasma insulin were measured. Data are mean±SEM, *n* = 9-12/group for 4-month-old mice and *n* = 8-11/group for 14-month-old mice. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001 versus control fed mice of same genotype and sex; ^\#^*p* \< 0.05, ^\# \#^*p* \< 0.01, ^\# \# \#^*p* \< 0.001 versus Non-Tg on the same diet. Two-way ANOVA with Bonferroni *post-hoc* analysis.

###### 

The effect of a high-fat diet on brain capillary structure in the hippocampus of Non-Tg and 3xTgAD mice

                                                 Non-Tg      3xTgAD                
  -------------------------------------------- ----------- ----------- ----------- -----------
  Basal lamina thickness (nm)                   77.1±4.7    75.5±4.6    76.9±5.7    76.1±4.1
  Vessel lumen diameter (μm)                     3.2±0.4     3.6±0.3     3.4±0.3     3.2±0.5
  Vessel lumen roughness                        1.13±0.05   1.05±0.02   1.13±0.05   1.10±0.04
  Pericyte coverage (%)                         21.6±1.5    23.9±1.1    23.8±2.5    21.9±1.7
  Tight junction tortuosity                     1.15±0.04   1.22±0.08   1.34±0.09   1.14±0.03
  No. endothelial vesicles/μm of vessel wall     4.3±0.5     3.6±0.5     4.7±0.7     4.8±0.8

Non-Tg control and 3xTgAD mice were kept on a control or high-fat diet from 2 months until 8 months of age. Capillary structure in the hippocampus was assessed by electron microscopy in 10 random capillaries/animal. Data are mean±SEM, *n* = 6-7/group.
